New glassy carbon electrode (GCE) modified with carboxyl multiwalled carbon nanotubes (MWCNTs) and treated with ultrasonic dispersing in N,N-dimethylfomamide (DMF) media, namely DMF/carboxyl/MWCNTs/GCE, was prepared for electrochemical determination of sulfonamides (SAs). Electrochemical behavior of SAs based on DMF/carboxyl/MWCNTs/GCE was investigated by cyclic voltammetry and impedance spectroscopy. The effects of various experimental parameters on the response of electrode such as pH of buffer, scan rate and the amount of modification were optimized. Under the optimal conditions, the obtained sensor presented linear response to SAs in the range of 5.0 × 10 −7 to 1.1 × 10 −4 mol L −1 of sulfonamide (R = 0.999), sulfamethazine (R = 0.990), sulfadiazine (R = 0.997), sulfamethoxazole (R = 0.996) and the limits of detection of 1. 65 × 10 −8 , 3.19 × 10 −8 , 6.76 × 10 −8 and 9.41 × 10 −8 mol L −1 , respectively. The recoveries were in the range of ca. 85-103% with relative standard deviation (RSD) < 5%. The sensor was tested by cyclic voltammetry with repeatability and stability of more than 90% of its original activity. The proposed method might offer feasibility and applicability of the sensor for further complex sulfonamides compounds.
Introduction
Sulfonamides (SAs) have a broad spectrum of antibacterial activity and play an important role as effective chemotherapeutics in bacterial. The structures of SAs consist of benzene ring with amine group (NH 2 ) at a C4 position and sulfonic acid with different alkyl groups ( Figure 1 ). They are widely used in animal husbandry with the purpose to prevent the growth of bacteria, to treat the infections from certain protozoa and microorganisms 1, 2 and to increase their production. 3 As an additive of preventing bacterial in animal feed, 4 SAs, however, would bring potential consequences with unauthorized use. 3 The drug residues in foods, such as milk and meat, may cause allergic reactions, antibiotic resistance and even cancer. Many countries including China have established maximum residue limits (MRLs) for SAs at the total level of 100 μg kg −1 in animal meat. 5 Consequently, it is of grave importance to develop a rapid, sensitive, and accurate method for monitoring the level of SAs residues in animal meat.
Currently, various methods, such as liquid chromatography, [6] [7] [8] [9] [10] [11] [12] capillary electrophoresis, [13] [14] [15] [16] gas chromatography (GC), [17] [18] [19] micellar electrokinetic capillary chromatography, [19] [20] [21] [22] and liquid mass chromatography, 23, 24 have been proposed for analyzing SAs residue in food. These techniques have been proved to be suitable and sensitive for SAs detection. Nonetheless, some of these methods are expensive, time-consuming and tedious, and in some cases the limits of detection is not acceptable. Recently, a research on high-performance liquid chromatography (HPLC), which was coupled with photodiode array detector and mass spectrometry, studied for the determination of SAs residues, shows that the HPLC separation time was still longer than 20 min. 25, 26 Compared with HPLC, electrochemical technique is suitable for on site detection. However, few electroanalytical methods have been used for the determination for SAs residues, most probably due to the problems related to electrode deactivation or fouling. Therefore, choosing the appropriate modification materials is very important.
Carbon nanotubes (CNTs) are novel carbon materials which were firstly found in 1991 by Iijima. 27 They have several unique properties such as good electrical conductivity, high chemical stability and extremely high mechanical strength. 28 Besides, the pentagon and the dimension of bending caused by the defect of multiwalled carbon nanotubes (MWCNTs) shows that they can promote electron-transfer reactions and they have a high electrocatalytic effect when used as modified materials. Therefore, MWCNTs are suitable for the modification of electrodes due to these properties. 29 Gheibi et al. 30 used modified MWCNTs paste electrode to determine ascorbic acid with satisfactory results. Sadeghi et al. 31 developed an electrochemical method for determination of sulfasalazine based on screen printed carbon electrode modified with MWCNTs. However, the untreated MWCNTs modified on the electrode surface could aggregate easily, and make electrode passivated.
The purpose of this paper was to describe the construction and application of a voltammetric sensor for the determination of SAs by using a new glassy carbon electrode (GCE) modified with functional MWCNTs. The MWCNTs were pretreated by using carboxyl method with strong mixed acid and ultrasonic dispersing in N,N-dimethylfomamide (DMF) media. The resultant DMF/carboxyl/MWCNTs overcame the aggregation on the surface of GCE successfully and performed high electrochemical conductivity and fast electron transfer. The results showed that the DMF/carboxyl/MWCNTs/GCE had good stability, high sensitivity and good repeatability in SAs samples.
Experimental

Apparatus
The electrochemical measurements were performed on an electrochemical work station CHI660E (Shanghai Chenhua Instrument Co., Ltd.). A three-electrode system was adopted, consisting of a modified GCE as working electrode, a platinum wire as counter electrode and a saturated calomel electrode (SCE) as reference electrode. The KQ3200E ultrasonic cleaner was supplied by Kunshan Ultrasonic Instrument Co., Ltd., and UB-7 pH meter was purchased from Sartorius Scientific Instruments Co., Ltd.
Materials and reagents
DMF and four standard SAs including sulfonamide, sulfamethazine (SM2), sulfadiazine (SDZ), and sulfamethoxazole (SMZ) were analytical grade and purchased from Tianjin Kermel Chemical Reagent Co., Ltd.; multiwalled carbon nanotubes (MWCNTs) were supplied by Beijing Gaoke Technological Material Co., Ltd. Unless stated otherwise, other reagents used were of analytical grade. The pork samples were purchased from local supermarket. The BR buffer solution was blended with 0.04 mol L −1 phosphate, 0.004 mol L −1 acetic acid, 0.04 mol L −1 boric acid and 0.04 mol L −1 sodium hydroxide.
Preparation of the working electrode
Firstly, the unmodified GCE was successively polished to mirror-like with metallographic abrasive paper and 1.00, 0.30, 0.05 μm graininess Al 2 O 3 emulsion. 32 Then, 100 mg of MWCNTs were dispersed with 100 mL mixed strong acid solution (concentrated H 2 SO 4 and HNO 3 volume ratio of 3:l) and vibrated ultrasonically for 24 h. Afterwards, the carboxyl MWCNTs were put into a vacuum pump for suction, washed until neutral of filtrate and dried at 100 o C under vacuum environment. The carboxyl process is shown in Figure 2 . Then, 5 mg of carboxyl MWCNTs were dispersed into 10 mL DMF in ultrasonic bath for 24 h to form a homogeneous suspension. After that, 1.5 μL of 1.0 × 10 −4 g mL −1 DMF/carboxyl/MWCNTs suspension was dropped on a GCE, and dried under the infrared light. Thus, the DMF/carboxyl/MWCNTs/GCE was constructed.
Experimental procedures
Electrochemical experiments were performed using above three-electrode system. The three electrodes were dipped into BR buffer solution (pH 2.0) containing predetermined concentrations of target SA, SM2, SDZ, SMZ under mildly magnetic stirring. Each time before the experiment, the solution must be ventilated for high purity nitrogen (≥ 99.999%) for 10 min. Amperometric i-t curve measurements were applied to study the detective performance of the electrodes. Cyclic voltammetry (CV) measurements were recorded from 0.6 to 1.5 V (vs. SCE) with scan rate of 100 mV s −1 . All experiments were performed at room temperature.
Results and Discussion
Morphology of modified electrodes
Scanning electron microscopy (SEM) was employed to characterize the morphology of GCE modified with MWCNTs and DMF/carboxyl/MWCNTs, respectively. As shown in Figure 3 , the MWCNTs film ( Figure 3a ) polymerized from aqueous solution shows large size and smooth surface (30-90 nm of length). Compared with Figure 2a , the DMF/carboxyl/MWCNTs film ( Figure 3b ) presents a rather small, compact and homogeneous nano-particle morphology (10-30 nm of length), suggesting the successful formation of carboxyl MWCNTs-DMF composite. Furthermore, the assembly of nanoparticles are beneficial for the diffusion of analytes and would provide highly accessible surface area for the electrocatalytic reaction. These results indicated that the carboxyl method and ultrasonic dispersing in DMF media played an important role in the formation of modified film. As a result, DMF/carboxyl/MWCNTs/GCE showed a significant improvement in electrochemical reactivity and reversibility.
EIS characterization of electrodes
Electrochemical impedance spectroscopy (EIS) is an effective approach for probing detailed information about interfacial properties of surface-modified electrodes. 33 The Nyquist plot of EIS commonly includes a semicircular portion at a lower frequencies that corresponded to the electron-transfer limited process and a linear portion at higher frequencies with attributing to the diffusion process. 34, 35 The semicircular diameter of the EIS is equals to the surface electron transfer resistance (Ret). Figure 4 , curve iv), respectively. We could obtain a remarkable semicircular portion from curve i (ca. 250 Ω); after assembling of MWCNTs on the electrode surface, the semicircular diameters (from curve ii to curve iv) decreased, suggesting that MWCNTs improved conductivity of the electrode and made the electron transfer easier. Ret for DMF/MWCNTs/GCE ( Figure 4 , curve iii; ca. 50 Ω) was smaller than that of the H 2 O/MWCNTs/GCE ( Figure 4 , curve ii; ca. 120 Ω), which was because DMF could restrain the agglomeration of MWCNTs effectively. Figure 4 , curve iv represents a nearly straight line and the semicircular portion was quite small, which was mainly because the carboxyl MWCNTs dispersing in DMF media increased the reactive site, reduced the interfacial resistance and promoted the electron transfer rate on electrode surface, which was due to their high accessible surface and excellent conductive property. 33, [36] [37] [38] Consequently, DMF/carboxyl/ MWCNTs/GCE was selected as the working electrode for further studies. . SA could be electrochemically oxidized at NH 2 group, but the reduction of SO 2 group could occur only at the higher negative potential value. 39 Therefore, only anodic peaks of SA were test as shown in Figure 5a . It could be seen that there was no obvious anodic peak when the working solution had no SA based on the bare GCE (Figure 5a , curve i), which was due to the typical electrochemical response of SA corresponding to the oxidation of a phenylamino group. 40 An oxidation peak current appeared at around 0.988 V when SA was added in (Figure 5a , curve ii). When the H 2 O/MWCNTs/GCE and DMF/MWCNTs/GCE were used as the working electrode, the oxidation peak of SA improved greatly with the anodic potential shifting negatively to about 0.979 V (Figure 5a , curve iii) and 0.965 V (Figure 5a , curve iv), respectively. Compared to the oxidation peaks of SA obtained on bare GCE, H 2 O/MWCNTs/GCE and DMF/MWCNTs/GCE oxidation peaks obtained on DMF/carboxyl/MWCNTs/GCE was further enhanced with the anodic potential shifting negatively to about 0.952 V (Figure 5a, curve v) . This was because that DMF media could inhibit the agglomeration of MWCNTs effectively, and the reactive area on electrode surface was improved after being modified by the carboxyl MWCNTs, which was useful to promote electron transfer rate. The result was well agreeable to the SEM and EIS analysis.
Cyclic voltammograms of SDZ, SM2 and SMZ were obtained based on DMF/carboxyl/MWCNTs/GCE with the concentration of 1.0 × 10 −4 mol L −1 (pH 2.0) and in the potential range of ca. 0.6-1.5 V with a scan rate of 100 mV s −1 . As shown in Figure 5b , the anodic potentials of SDZ (Figure 5b 
Influence of scan rates
At pH 2.0 BR buffer solution, the influence of scan rates on the oxidation peak current of 1.0 × 10 −4 mol L −1 SA was studied by CV. It could be seen that the oxidation peak current shifted towards positive potentials as the scan rates increased and was linearly increasing with square root of scan rates in the range of 10 to 160 mV s ] + 0.494 with a correlation coefficient (R) of 0.997, confirming that the electrochemical reaction of SA was a diffusion-controlled process on the surface of DMF/carboxyl/MWCNTs/GCE, which were in accordance with those of SDZ, SM2 and SMZ.
Influence of pH
Take SA as example, the influence of pH of the reaction solution containing 1.0 × 10 −4 mol L −1 SA was studied in the range of 1.0 to 5.0. As as can be seen in Figure 7b , on the DMF/carboxyl/MWCNTs/GCE, the oxidation peak current of SA increased with the increase of pH values from 1.0 to 2.0, and the maximum sensing response was achieved as its value was 2.0. Afterwards, oxidation peak current declined gradually within pH range of 2.0 to 5.0. The results might be explained that in strong acidic environment, SA and H + of the solution combined and formed ammonium salt, and reduced the activity of SA. At pH 2.0, SA had admirable oxidative activity and the carboxyl groups of MWCNTs could interact with sulfonamide molecule through the hydrogen bonding. However, in relative weak acidic environment, the carboxyl groups became into anions, which inhibited the hydrogen bonding and leaded to the declined oxidation current peak. It further validated that H + was involved in the electrochemical reaction process. 36 The influences of pH of the reaction solution containing 1.0 × 10 −4 mol L −1 SDZ, SM2 and SMZ were texted based on the same experimental method; the maximum oxidation peaks were achieved when pH was 2.0, which consists with the result of SA. Therefore, pH 2.0 was selected for all the subsequent experiments.
Optimization of the concentration of carboxyl MWCNTs
Appropriate concentration of the modified material played an important role on improving the limit of detection; the effect of concentration of carboxyl MWCNTs on oxidation peak current of 1.0 × 10 −4 mol L −1 SA was investigated. Figure 8 shows the cyclic voltammograms obtained on GCE modified by using 1.5 μL of different concentration of carboxyl MWCNTs in DMF media. As could be seen, the oxidation peak current increased with the concentrations of modified materials from 1.0 × 10 −6 to 1.0 × 10 −4 g mL −1 and declined as the concentration exceeded 1.0 × 10 −4 g mL −1 . The oxidation peak current increased due to the incremental reaction area, which improved the electrode activity and the electron transfer rate. Excessive concentration intensified ; and (b) linear dependence of peak currents vs. the square root of scan rates. SCE: Saturated calomel electrode. Vol. 27, No. 12, 2016 MWCNTs polymerized and made modified electrode unresponsive, and leaded to the oxidation peak current declined. The effect of carboxyl MWCNTs concentration on oxidation peak currents of 1.0 × 10 −4 mol L −1 SDZ, SM2 and SMZ were also investigated, and the highest activity of DMF/carboxyl/MWCNTs/GCE was obtained when the concentration of carboxyl MWCNTs in DMF media was 1.0 × 10 −4 g mL -1 , which were in accordance with that of SA.
Interference of coexisted substances
The influence of various substances, which were taken as the potential interfering substances, was investigated under the optimum conditions with 1.0 × 10 −4 mol L −1
SAs. The tolerance limit was considered as the interferent concentration that caused an approximately 5% relative error in the current signal for reduction of SAs. [41] [42] [43] If the coexisting interferents made the detection current signal deviation below 5% under the sufferable coexisting amount, the tested substances were believed that they almost have no interference for the experiment. The results (Tables 1-4) showed that 200-fold of glucose, sucrose, ascorbic acid; and 300-fold of KCl, NaCl, CaCl 2 , NH 4 Cl and MgSO 4 did not significantly affect the oxidation peak currents of SAs. The change rates and relative errors of oxidation peak currents of SA, SDZ, SMZ and SM2 were in the range of ca. 0.43-5.26% and ca. 0.48-5.00%, suggesting that the coexistence of interferents did not apparently affect the developed sensor and the proposed method might be suitable for the detection of real samples.
Determination of sulfonamides
The steady-state current response of the optimized sensor system to SAs was examined. Figure 9 shows the currenttime response of the DMF/carboxyl/MWCNTs/GCE in a continuously mildly magnetic stirred solution containing BR under the optimized experimental ). Insert: diagram for peak current and concentrations of carboxyl MWCNTs in DMF media. , respectively.
Analysis of real samples
The resulted DMF/carboxyl/MWCNTs/GCE was evaluated by performing reccovery tests for SA, SM2, SDZ and SMZ in pork samples, respectively. Firstly, 0.5 g of mashed pork samples were sonicated by using 1 mL ethyl acetate for 10 min, and then centrifuged at 5,000 rpm for 10 min. The supernatant was collected and added in 20 mL BR solution. Thereafter, the resultant BR containing different concentration of SA was transferred to a cell for the recovery determination. The analyses of real samples for SM2, SDZ and SMZ were tested in the same way and the results are shown in Table 5 . The recoveries for SAs standards added were 85.43 to 102.25%. Furthermore, the electrochemical behavior of the DMF/carboxyl/MWCNTs/GCE was compared to the other previous electrodes used for the SAs detection as shown in Table 6 . The results demonstrated that the modified GCE showed good performance in terms of LOD and linear range, which meant that the DMF/carboxyl/ MWCNTs/GCE was promising for analytical applications; therefore, the sensor system we had developed might provide a useful tool for determining SAs in real samples.
Repeatability and stability of DMF/carboxyl/MWCNTs/GCE
The repeatability of the modified electrode was investigated by detecting 1.0 × 10 −4 mol L −1 SAs. As a result, a low relative standard deviation (RSD) of 0.62% was observed for eight successive assays. After eight successive assays, the response signal of the sensor still remained up to 99.1% of its initial value. The stability of the sensor was investigated by measuring its response current to 1.0 × 10 −4 mol L −1 SAs over 7 days. When not used, the sensor was stored at 4 o C. After 7 days, the current response of the sensor remained up to 95.58% of its initial value, which indicated the reliability of the fabrication procedure. 
Conclusions
In this work, it was successfully immobilized on GCE surface by using carboxyl MWCNTs in DMF media to form DMF/carboxyl/MWCNTs/GCE. The resulting sensor performed high electrochemical conductivity, fast electron transfer, and presented sensitive and selective response to SAs in real samples with low LOD, good repeatability and stability. In addition, due to its convenience of the preparation and process, a fast, accurate way of detection for SAs could be achieved, and it would be convenient for operation by unskilled users. 
